Abstract: Cyanolichens (Lobaria hallii, Lobaria retigera, Lobaria scrobiculata, Pseudocyphellaria anomala) and cephalodial (Lobaria pulmonaria) and noncephalodial (Platismatia glauca) chlorolichens were sampled in dry open, mesic open, and mesic closed forests in central British Columbia. Specific thallus mass (STM), water-holding capacity (WHC), percent water content at saturation, and thickness of upper cortex, photobiont layer, and medulla plus lower cortex were measured. Whereas STM did not differ much between cyanolichens (9.8 ± 0.1 mg dry mass·cm -2 ) and chlorolichens (8.0 ± 0.1 mg dry mass·cm -2 ), cyanolichens had a WHC (20.3 ± 0.2 mg H2O·cm -2 ) that was nearly twice that of the chlorolichens (10.8 ± 0.2 mg H2O·cm -2 ). STM and WHC increased with light exposure at the studied sites, presumably as an acclimation to higher evaporation demands. Within species, WHC was strongly coupled to STM and increased substantially faster with STM in cyanolichens, compensating their inability to use humid air to restore photosynthesis. The photobiont layer was two times thicker in cyanolichens, whereas the thickest layer (the hydrophobic medulla) did not differ between cyanolichens and chlorolichens. Most interspecific variation (88.3%) in WHC could be accounted for in a multiple regression model where STM and photobiont to total thickness ratio were the most important independent variables. Photobionts thus play significant roles in the water economy of lichens.
Introduction
Lichens are poikilohydric organisms that can survive prolonged periods of desiccation (as reviewed by Kranner et al. 2008) . To resume photosynthetic activity and grow, they need water. Lichens with green algae as the main photobiont (chlorolichens) can reactivate normal photosynthesis from humid air alone, whereas cyanolichen photobionts require liquid water in the form of rain or dew (Lange et al. 1986 ). In periods with clear weather, cephalodial and noncephalodial chlorolichens become activated by humid air in early mornings (Lange 2003) , whereas CO 2 accumulation may not necessarily occur in cyanolichens. Inside forests, a canopy strongly reduces diurnal temperature fluctuations, implying rarer occurrence of condensation events. Without compensatory adaptations, chlorolichens should thus be stronger com-petitors than cyanolichens in forests. Nevertheless, a rich assembly of cyanolichens often grows on twigs of conifers in rain forests (Goward and Spribille 2005; Radies et al. 2009; Larsson and Gauslaa 2011) . The cyanolichens on such twigs are frequently mixed with cephalodial and noncephalodial chlorolichens. As the three lichen types occur side by side, this epiphytic community should be well suited to studying adaptations of morphology that facilitate water uptake and retention in these functional lichen groups.
One of the most important of this suite of adaptations is the trade-off between a rapid uptake of water from humid air and a high water storage capacity. Finely dissected and thin lichens take up humidity rapidly, whereas thick and compact growth forms with high water storage capacity need a long time to become hydrated in humid air (Larson and Kershaw 1976; Larson 1981; Lange and Kilian 1985; Lange et al. 1986 ). We tested the hypothesis that lichens with cyanobacteria as their main photobiont store more water than co-occurring green algal lichens by comparing sympatric large-lobed cyanolichens and chlorolichens that grow loosely attached to branches and twigs of conifers in moist subboreal forests of British Columbia and by exploring anatomical structures to account for the intraspecific and interspecific variation in water-holding capacity and water content. There are studies supporting such a hypothesis (e.g., the New Zealand study of Lange et al. 1993 ), but we wished to see whether this is the case also for lichens in boreal forests in the Northern Hemisphere. An increase in water-holding capacity may arise from adaptation in the photobiont alone, as cyanobacteria often form thick extracelluar gelatinous sheaths outside the cells. However, the mycobiont provides a number of vital services to their photosynthetic partner, like screening excess solar radiation , producing herbivore defence compounds (Gauslaa 2005) , and providing mineral nutrients (Hauck et al. 2009 ). Specialized fungal tissues in lichens can store substantial amounts of water in some lichens (Gauslaa and Solhaug 1998) . By studying cross-sections of lichen thalli, one can measure the relative proportion of the lichen thickness occupied by the photobiont and the mycobiont. The thickness of the photobiont layer may vary with light availability. However, when comparing chloroand cyanolichens growing in the same habitats, a difference in thickness between the two types of photobiont layers likely represents adaptive traits rather than acclimations to environmental heterogeneities. Such data may have the potential of quantifying the relative importance of photobionts and mycobionts to overall thallus water storage and improving the understanding of lichen functioning.
Material and methods
The collection sites were in the central regions of British Columbia, located along an east-west longitudinal gradient extending from 121.12°W to 122.49°W. The three easternmost sites (Slim, Upper Fraser, and Aleza) are located within or at the edge of mountain valleys, while the two westernmost sites fall within the drier interior plateau region of central-interior British Columbia. These sites, from east to west, respectively, fall within the following biogeoclimatic subzones (from Meidinger and Pojar 1991): Slim Creek, the very wet, cool Interior Cedar-Hemlock subzones (ICHvk2);
Upper Fraser and Aleza, the wet, cool Subboreal Spruce climate subzone (SBSwk1); and Salmon Valley and Prince George, the moist, cool subboreal spruce climate subzone (SBSmk1). Mean annual temperature in these sites varies from 2.6 to 3.5°C, with the two westernmost sites, Salmon River and Prince George, being markedly drier.
Lichens collected (Table 1 ) from open-canopy sites (Upper Fraser and Salmon River) were growing on Salix discolor in mixed riparian woodlands that also contained Alnus incana, Populus tremuloides, and Populus balsamifera. Doering and Coxson (2010) found that mean canopy openness during the summer growing season in these riparian sites was 11% (SBSwk1 sites), with 980 stems·ha -1 over 10 cm diameter at breast height. The Slim Creek closed-canopy site was dominated by Thuja plicata and Tsuga heterophylla. Radies et al. (2009) found that mean canopy openness in wet Interior Cedar-Hemlock stands in the Slim Creek area was 14.1%. Closed-canopy forests at both Aleza and Prince George were dominated by hybrid spruce, Picea engelmannii × glauca, and Abies lasiocarpa. Campbell et al. (2010) found that mean light transmission at Aleza was 21.2% (direct plus diffuse light expressed as a percentage of maximum).
Collected lichens were hydrated by spraying deionized water on the upper surface in the lab. From each well-moistened thallus, one or two discs with an area of approximately 1 cm 2 each were taken at randomly selected positions by a cork borer. A similar number of discs (n = 40) were taken from each species in each of the collection sites. Each wet lichen disc was gently blotted with dry filter paper to remove excess water on the outer surfaces. The use of blotting underestimates the total water-holding capacity, as free water on the surface is not included. However, surface water is highly variable and is more difficult to assess, as shaking does not function well for thallus discs. Immediately after blotting, the mass in the fully hydrated state (WM) was measured (±0.1 mg). Thereafter, the hydrated disc area (A) was measured with a leaf area meter (LI3100; LI-COR, Lincoln, Nebr., USA). After 24 h desiccation at room temperature, the dry mass (DM) was measured (±0.001 mg). Five extra discs of each species were treated and weighed repeatedly. No significant shift in dry mass occurred during weighing, showing that the air humidity was constant. These control thalli were then placed in a drying oven (70°C) for 24 h before the oven-dry mass (DM) was recorded, and the weight of each lichen disc was corrected by the mass reduction factor from the sacrificed thalli.
Based on mass and area measurements, specific thallus mass was computed as STM = DM/A. The water-holding capacity was computed as WHC = (WM -DW)/A. Finally, the percent water at saturation (after removal of excess surface water) was computed as % water = [(WM -DM) × 100]/ DM.
Finally, a species-wise randomly selected subset of the discs, consisting of 336 discs in total, was cut in two pieces. The entire cross-section of each hydrated disc, with a length of approximately 6 mm, was inspected under a dissecting microscope at 115× magnification. At three positions, one near each end of the cross-section, and one in the middle, we measured the thickness of the upper cortex, the photobiont layer, and the medulla plus lower cortex, separately. The thickness of a given layer in one disc (one observation) was the mean value from the three measuring positions.
As distributions of measured variables were fairly normal, differences were compared by using standard ANOVA analyses. All statistical analyses, including simple and best subset multiple regression analyses, were done in SigmaPlot 11.0.
Results
STM was slightly higher in cyanolichen discs (9.8 ± 0.1 mg DM·cm -2 ; mean ± SE, n = 357) than in chlorolichen discs (8.0 ± 0.1 mg DM cm -2 , n = 199), whereas WHC was nearly twice as high in cyanolichen discs (20.3 ± 0.2 mg H 2 O·cm -2 ) than in green algae discs (10.8 ± 0.2 mg H 2 O·cm -2 ). Among the cyanolichens, the three Lobaria species clearly had the highest mean WHC (20.9-21.7 mg H 2 O·cm -2 ; Table 2), consistently higher than that of Pseudocyphellaria anomala (16.5 mg H 2 O·cm -2 ). For the chlorolichens, the noncephalodial Platismatia glauca had a mean WHC (7.3 ± 0.2 mg H 2 O·cm -2 ) that was only 56% of the cephalodial Lobaria pulmonaria values (13.1 mg H 2 O·cm -2 ; Table 2 ) and close to one-third of the mean value for cyanobacterial Lobaria species. STM accounted for more than 80% of the variation in WHC within all species apart from Platismatia glauca (65.7%; Fig. 1, inset) , which is substantially higher than that for the overall interspecific relationship (67.3%; n = 558; p < 0.001). All intraspecific WHC-STM relationships were linear, and a prolongation of regression lines would have caused the lines to pass slightly above the origo (see the constants of the regression equations in Fig. 1 , inset).
The mean water content at saturation was 194% for cyanolichens versus 125% for chlorolichens, with hardly any overlap between the two groups (Fig. 2) . The percent water at saturation was a more species-specific variable (Table 1) than WHC and correlated less well with STM ( Fig. 2) . Percent water at saturation within species slightly declined with increasing STM (R 2 adj ≤ 0.257; inset Fig. 2 ), whereas the interspecific relationship showed an even weaker, although highly significantly positive tendency (R 2 adj = 0.059; n = 558; p < 0.001). Pseudocyphellaria anomala was an outlier with high water content and low STM.
With respect to thallus anatomy, the cyanolichens had a thicker upper cortex (37.8 µm) and photobiont layer (75.7 µm) than the chlorolichens (25.7 and 37.3 µm of cortex and photobiont layer, respectively; see Table 2 for the individual species). In all lichen species, the medulla was always the thickest among the three measured layers. However, the medulla plus lower cortex did not differ much between cyanolichens (112 µm) and chlorolichens (106 µm; see Table 2 for individual species). Therefore, studied cyanolichens had a significantly higher ratio of photobiont layer to total thallus thickness (0.342) than the chlorolichens (0.220), meaning that the photobiont occupies a significantly higher percentage of the thallus volume in cyanolichens than in cephalodial and noncephalodial chlorolichens.
STM was less strongly correlated to the thickness of the medulla than to the upper cortex and the photobiont layer (Table 3 ; see also Fig. 3 ), presumably because the medulla had lower density than the other two layers. The thickness of the photobiont layer was the best predictor of STM in all spe- cies apart from L. pulmonaria, in which the upper cortex was a better predictor (Table 3 ; see also Fig. 3 ). For STM and thickness of the individual layers, interspecific relationships tended to be stronger than intraspecific relationships (Table 3). In a multiple linear regression analysis the thickness of each of the three layers constituting a foliose thallus explained only 34.2% of the interspecific variation in STM (data not shown). Compared with STM, WHC and percent water at saturation were slightly less correlated to thickness of thallus layers within species (Table 3) . However, the thickness of the upper cortex (R 2 adj = 0.417; n = 337; p < 0.001), and the photobiont layer in particular (R 2 adj = 0.607; n = 337; p < 0.001), accounted for much of the interspecific variation in WHC (Fig. 4) . Thus, the thickness of the photobiont layer was a much better interspecific predictor of WHC than of STM (R 2 adj = 0.291; n = 337; p < 0.001). The medullary layer contributed neither to WHC nor to percent water at saturation at interspecific or intraspecific levels (Fig. 4) . However, within the group of chlorolichens, WHC (R 2 adj = 0.356; n = 120; p < 0.001) and percent water at saturation (R 2 adj = 0.313; n = 120; p < 0.001) were positively correlated to the medullary layer thickness (Fig. 4) . For the total pool of cyanolichens, there was no significant relationship between WHC and medullary layer thickness, but there was a negative relationship between percent water and medullary layer thickness (R 2 adj = 0.173; n = 216; p < 0.001). Measured variables accounted for as much as 88.3% of the interspecific variation in WHC explained in the best subset multiple regression (Table 4) . STM contributed most, but the photobiont to total thallus thickness ratio was nearly as important (Table 3 ). The thickness of the cortex and the medulla also contributed significantly. The best subset of multiple regressions for percent water at saturation at an interspecific level included the photobiont to total thallus thickness ratio as by far the most important independent variable. However, the thickness of the medulla and upper cortex, as well as the STM, were also highly significant variables (Table 3) .
Forest type influenced at least two of the measured variables for each of the five species that had been collected in more than one forest type ( Table 2 ). The pattern was relatively consistent, with a significant decline in STM and WHC from mesic open stands to mesic closed stands in nearly all species. The thickness of separate thallus layers in cyanolichens tended to decrease from mesic open to mesic closed stands (Table 2 ). For the two chlorolichens, there were no significant differences in thickness variables between forest types. Percent water at saturation showed few habitatspecific differences (Table 2) .
Discussion
Specific thallus mass (STM) shapes the WHC within the studied species (Fig. 1) . On a thallus area basis, this means that a given species, regardless of photobiont association, has to invest in more dry matter to raise its water storage capacity. Thus, the observed increase in thallus thickness (Table 2) with increasing solar exposure (also documented in literature; e.g., Snelgar and Green 1981) can be considered as a strategy to store more water and thereby compensate for Values below the diagonal give the correlation coefficients; values above the diagonal give the corresponding p values. ns, p ≥ 0.05. All species combined: n = 336; Lobaria scrobiculata: n = 73; L. hallii: n = 71, Pseudocyphellaria anomala: n = 48; Lobaria retigera: n = 24; L. pulmonaria: n = 72; Platismatia glauca: n = 48. STM, specific thallus mass; WHC, water-holding capacity; % water, percent water at saturation; P/T ratio, photobiont layer versus total thickness.
rapid drying in open sites. Within species, STM acclimates rapidly to changed light exposure after transplantation (Gauslaa et al. 2006 (Gauslaa et al. , 2009 , whereas species-specific differences in STM probably have a genetic component as well. Cyanolichens need to invest less carbon per area than chlorolichens to raise their WHC with a given amount of water. The steeper rise in WHC with increasing STM for cyanolichens than for chlorolichens ( Fig. 1 ; inset) may partly compensate for the inability of cyanolichens to use humid air for restoring their photosynthesis (Lange et al. 1986 ). In fact, the cyanolichen L. scrobiculata needs 2.5 times greater hydration than L. pulmonaria, its green algal relative, to become photosynthetically active (MacKenzie and Campbell 2001) . The cyanobacterial photobiont itself likely contributes to a steeper slope, as its thick surrounding sheath can contain much water (see Honegger et al. 1996) . On the other hand, the noncephalodial green alga Platismatia glauca, which rapidly resumes photosynthesis in humid air (Jonsson et al. 2008) , has the lowest slope coefficient and follows the 1:1 line in Fig. 1 . Aerohygrophytic lichens like Platismatia glauca may respond to humidity too slowly if they become too thick.
The absence of significant interspecific or intraspecific correlations for WHC (Fig. 4c) and percent water at saturation (Fig. 4f) versus the thickness of the medullary layer supports the view that the medulla is not an important tissue for water storage despite its large thickness. The water in the medulla is confined to the turgescent symplast and to the apoplast in cyanolichens as well as in chlorolichens (Honegger and Peter 1994; Honegger et al. 1996) . As reviewed by Honegger (2008) , thin hydrophobic surface layers often overlie very thick-walled hydrophilic layers in medullary hyphae, excluding liquid water around them. Internal hydrophobic surfaces and large volume of air spaces in the medulla are hardly consistent with high water storage capacity.
The photobiont layer thickness accounts for a significant part of the variation in water storage (Figs. 4b, 4e ), particularly at an interspecific level. The type of photobiont has a major impact on photobiont layer thickness and WHC, as well as on the percent water at saturation, as was also shown for New Zealand forest lichens (Lange et al. 1993) . In general, many intercellular spaces in the upper part of the photobiont layer may contain liquid water (Valladares et al. 1998; Souza-Egipsy et al. 2000) . Gelatinous substances may even occupy intercellular spaces in the lower part of the photobiont layer (Valladares et al. 1998) . The difference in water content at saturation between species (Table 2; Fig. 2 ) presumably results from the species-specific amounts of extracellular water that have been recorded in the photobiont layer (Scheidegger 1994; Scheidegger et al. 1995) . In addition, the water present in cyanobacterial sheaths may add to the cyanolichen water storage. However, excess water in the photobiont layer likely increases the diffusion resistance to CO 2 and thus causes suprasaturation depression of photosynthesis . Carbon-concentrating mechanisms are an advantage for lichens with high water content, since resistance to CO 2 diffusion is higher in a hydrated than in a dry thallus (Lange et al. 1988) . Cyanolichens like L. scrobiculata have carbon-concentrating mechanisms, whereas L. pulmonaria does not (Palmqvist et al. 1994; Máguas et al. 1997 ). This suggests that L. pulmonaria may enhance gas diffusion by reducing its water storage.
Measured WHC and percent water at saturation also correlate with the thickness of the upper cortex (Table 3; Figs. 4a, 4d), but less strongly than with the photobiont layer. This hydrophilic layer is, like the photobiont layer, also thicker in cyanolichens than in chlorolichens. Investments in upper cortex and photobiont layer should thus be efficient ways to enhance WHC in lichens. In L. scrobiculata, the combined upper cortex and photobiont layer constituted as much as 45% of the total STM and 60% of total WHC, despite the fact that these two layers together merely occupy 29% of the thallus volume . The upper cortex in lichens on retained trees increases in thickness after cutting the surrounding forest (Jairus et al. 2009 ). A thickening of the upper cortex has been considered to improve screening of excess light (McEvoy et al. 2007 ). Most lichens have cortical pigments screening excess solar radiation (Gauslaa and Solhaug 2001; Gauslaa and Ustvedt 2003; Solhaug et al. 2010) . However, these pigments are located in the uppermost part of the cortex, suggesting that a thin cortex can also be an effi- Note: The multiple regression analyses started with including the independent variables specific thallus mass (STM), the thickness of photobiont to total thallus ratio (P/T), the photobiont layer thickness, the thickness of upper cortex (Cortex), and the thickness of the medullaplus lower cortex (Medulla). The data set included thallus discs of Lobaria hallii, L. pulmonaria, L. scrobiculata, L. retigera, Pseudocyphellaria anomala, and Platismatia glauca (total n = 336). VIF, variance inflation factor. (Valladares 1994) . From this perspective, our data suggest that a thickening of the upper cortex may prolong hydration periods rather than improve photoprotection.
Specialized fungal tissues for water storage have evolved in some lichens. For example, the thick felt of hypothallus is the main water reservoir in the cyanobacterium Degelia plumbea (Gauslaa and Solhaug 1998) . Among our species, L. retigera has a very thick and dense layer of rhizines on the lower side. In plots with STM ( Fig. 3) and WHC (Figs. 4a-4c ), L. retigera tends to be an outlier, probably because of the substantial water reservoir in the dense felt of rhizines. Rhizinomorphs in Umbilicaria spp. have also been shown to improve water storage (Valladares et al. 1998) . In addition to the rhizines, Lobaria species in general have a short, but dense and patchy tomentum on the lower side that also presumably stores water and prolongs the active phase during a desiccation cycle. The tomentum and rhizines could not be well quantified, as they were patchy and (or) of uneven lengths.
A compilation of STM and WHC data from literature using comparable methods was done to compare our lichen discs with entire thalli of many foliose lichen species (Fig. 5) . Lobaria scrobiculata thalli from Norway were included in Fig. 5 , but this population is hidden behind the L. retigera dot located in the cluster of L. scrobiculata populations from British Columbia. This compilation shows that the thallus discs we used are fairly representative for entire thalli, and Fig. 5 confirms the major separation between cyanolichens and chlorolichens (Table 2) . Most chlorolichens are located near the 1:1 line in the loglog plot of Fig. 5 that represents 100% water at saturation, whereas cyanolichens are close to the 2:1 line representing 200% water. Many chlorolichens (in the right part of the plot) have much higher WHC than the cyanolichens, but this is because of their substantially higher allocation of biomass per thallus area in terms of high STM. However, cyanolichens have consistently higher saturated water contents per mass than chlorolichens. The cephalodial chlorolichen Peltigera aphthosa is an outlier in Fig. 5 . However, including more Peltigera spp. (Kershaw 1977; and cyanobacterial gel lichens (Collema, Leptogium) (Kershaw 
sc, L. scrobiculata; N. arc, Nephroma arcticum; P. sax, Parmelia saxatilis; P. sul, P. sulcata; P. til, Parmelina tiliacea; P chi, Parmotrema chinense; P. aph, Peltigera aphthosa; P. aip, Physcia aipolia; Ph. dis; Physconia distorta; P. gla, Platismatia glauca; Ps. ano, Pseudocyphellaria anomala; Ps. dis, P. dissimilis; V. pin, Vulpicidia pinastri; X. aur, Xanthoria aureola. The data for most species with open symbols were taken from Gauslaa (2005) ; N. arcticum and P. aphthosa values were from Dahlman and Palmqvist (2003) , one L. pulmonaria population (the one closest to L. scro) from Gauslaa et al. (1996) , and P. dissimilis data from Snelgar and Green (1981) . Some species are unpublished data (Y. Gauslaa, unpublished data).
and MacFarlane 1982; Lange 2000; Lange et al. 2000) would have added a number of cyanolichens with extremely high water contents to the uppermost part of the plot.
Rainforest canopies are often heavily loaded with cyanolichen biomass (McCune 1993; Lyons et al. 2000; Benson and Coxson 2002) . Pypker et al. (2006a Pypker et al. ( , 2006b ) have shown that lichens and bryophytes in North American canopies can store substantial amounts of water. Considering the large water storage in cyanolichens, an abundance of these organisms may have the potential to prolong periods of high air humidity after rainy events and to modify the hydrological cycle of such forests. These interspecific differences may also play a large role in determining realized ecological niches for cyanolichen communities, where the emphasis of prior studies has been more on determining limits imposed by stress physiology (Shirazi et al. 1996) or by restrictions of net carbon gain (Coxson and Coyle 2003; Antoine and McCune 2004) . Our comparisons of STM between open-and closed-canopy forests with a similar macroclimate (mesic) showed consistent increases in both STM and WHC with increasing canopy openness. STM differences were less consistent in pattern between xeric and mesic open-canopy forests. However, these collections, though made along a precipitation gradient, were from Salix growing in riparian forests, where high relative humidities and frequent dewfall events in the summer period may play a more important role than the absolute magnitude of available precipitation (Doering and Coxson 2010) . Unresolved at present is the role of surface morphological features (sensu Larson and Kershaw 1976) in regulating the interception and (or) evaporative loss of water in this suite of rainforest lichens.
In conclusion, water content at saturation as well as WHC is significantly higher in cyanolichens than in chlorolichens. The strong correlation between WHC and thickness of the photobiont layer shows that the photobiont as such plays a significant role in the water economy of a lichen. However, fungal adaptive responses in the development of tissues like the upper cortex and tomentum and rhizines show the role of both partners in improving water storage abilities in lichens. As the water storage in lichens varies both between sympatric species and between habitats differing in canopy openness, the water storage capability is a result of both acclimation and long-term evolutionary processes.
